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EDITORIAL

Xenotransplantation

Xenotransplante

Flávio Henrique Ferreira Galvão1, Luiz Augusto Carneiro D’Albuquerque2

Xenotransplantation (xenoTx), or interspecies transplantation, is defined as transplantation of organs, 
tissues or cells across different species and represents one of the most interesting proposals to address donor 
shortage. The prospect of extracting tissues and organs from immunologically modulated animal donors, 
with little to no chance of rejection in humans, makes xenoTx attractive for clinical purposes1-6. Being able 
to provide good quality organs at any moment, this propose would improve clinical outcomes and reduce 
the waiting time and mortality of patients in the transplantation waiting list.

By the early 1980s, there were several attempts at xenoTx using great apes, pigs, and sheep6. At that 
time, the concept of brain death was not yet well established causing important shortages of suitable organs 
for transplantation6. Several articles were published describing a total of 33 kidney xenoTxs in humans. 
Particularly notable is a series of 13 cases with donor chimpanzees who had a maximum survival of nine 
months, described in 1964 by Reemtsma et al.7. Starzl et al.8 performed six kidney transplantations using donor 
baboons, with a maximum survival of about two months. Twelve liver xenoTxs were also performed, such as 
in the series by Starzl et al. who carried out four transplantations between 1966 and 1974 using chimpanzees 
graft, with a maximum survival of 14 days6. Starzl’s group also performed two more transplantations with 
baboon donors between 1992 and 1993, with a maximum survival of 70 days9. Hardy et al. performed in 
1964 the first heart xenotransplantation in man with only a day survival6. After that, six more attempts were 
made without significant success also; however, Bailey et al. in 1984 performed the longest survival of heart 
xenotransplant utilizing cyclosporin therapy and the heart functioned for 20 days6.

However, complications such as hyperacute rejection (HAR) which rapidly destroys the graft, the 
advent of encephalic death establishing cadaveric donors and the possibility of interspecies infections 
transmission currently impede clinical applications of xenoTx, thereby justifying research on the subject1-9.
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XenoTx is classically divided into two types: concordant and discordant. Discordant xenoTx is 
carried out across very different species, such as between pigs and humans. Concordant xenoTx involves 
individuals of similar species, such as rats and mice, or great apes and humans. The degree of difference 
between the species involved determines the intensity of xenoTx’s humoral immune response involving 
preformed interspecies antigens/antibody reaction. Thus, discordant xenoTx usually causes HAR, with total 
graft destruction within few hours. In concordant xenoTx, there is usually acute vascular rejection with graft 
destruction in a few days1-3.

Indeed, the biggest limitation of xenotransplantation is the HAR, an immune reaction that rapidly 
destroys the graft. Considered an immunological catastrophe, its pathophysiology in xenoTx is not yet fully 
understood. It is known to be mainly humoral in nature, mediated by the activation of mainly IgM and 
IgG class antibodies known as xenoreactive antibodies. In HAR there is a strong deposition of antibodies 
in the vascular endothelium of the graft, increasing the migration, adherence, and activation of leukocyte 
membrane receptors1-10.

This activation leads to the release of anaphylatoxins, histamine and serotonin, which activate other 
mediators such as platelet-activating factor (PAF), and inflammatory cytokines. Changes in the vascular 
endothelium expose the basement membrane, thus promoting the activation of platelets and complement 
factors C2a and C5a. There is also inhibition of natural anticoagulants such as heparin sulfate and eco-
adenosine diphosphate, with the formation of microthrombi and fibrin deposits1-5. The final consequence of 
this reaction is the presence of microvascular thrombosis and interstitial hemorrhage, which quickly destroys 
the graft. If the mechanisms of HAR can be inhibited, the grafts usually evolve into acute vascular rejection. 
Macroscopically, grafts with HAR initially show discoloration and later a purple color, vascular congestion, 
and parenchymal hemorrhage1-3.

Several aspects of the pathophysiology of RHA are still unknown, mainly concerning its treatment. 
Among the mechanisms involved in the immune response of RHA that still need better clarification, we 
highlight the participation of cell-mediated immunity, the coagulopathy that occurs in this reaction, the 
involvement of inflammatory and regulatory cytokines in addition to their superfamily, the chemokines9. 
The difficulty in understanding HAR is likely because there is a lack of appropriate models for its study. 

Old world monkeys (baboon, gorilla, chimpanzee, and orangutan) are the animals with the potential for 
xenoTx, as they share more than 95% of genetic similarity with humans. Those animals, as well as humans, 
do not express galactose-α-1,3-galactose (Gal-α-1,3-Gal), an oligosaccharide present in most pathogenic 
bacteria for these species. Through immunological evolution, these species extinguished this molecule from 
their genome and developed preformed antibodies against it, making them more resistant to serious infections. 
In contrast, other mammal species such as swine did not show this evolutionary development and express 
Gal-α-1,3-Gal. Thus, swine organs transplanted in humans are rapidly destroyed by preformed primate 
antibodies against porcine antigens, mainly Gal-α-1,3-Gal5. However, primates have many limitations for use 
in research or as donors, as they are animals that easily transmit zoonosis, do not mate properly in captivity 
due depression, are in danger of becoming extinct, cause great social repudiation, above all10.

Swine are animals with great potential for use in experimental and clinical xenoTx. Despite promoting 
a discordant reaction in humans with consequent HAR, their organs, especially the liver, have physiological 
and morphological similarities with those of humans. Other advantages using swine include low maintenance 
and mating costs, they can mate in captivity without problems, their organs size is suitable for both small 
and large patients, lower social restriction and the contemporary possibility of producing transgenic pigs 
free of pathogens and immunocompatible with humans to avoid rejection10-14.
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Swine have also been studied as organ donors in temporary liver assistance during fulminant hepatitis. 
Temporary liver assistance aims to keep these patients clinically stable until the appearance of a compatible 
donor10-11. This procedure showed biochemical and neurological improvement in patients with fulminant 
hepatitis12,13. Recently, transgenic pigs have been developed by various methods of genetic modification, 
aiming to make them immunologically similar to humans. The use of these animals in preclinical xenoTx 
research showed promising results13,14.

The development of genetic engineering technology for the production of transgenic pigs holds great 
promise for xenoTx. The products of gene edition can product swine with α1,3-galactosyltransferase gene 
knockout- (GTKO) and / or other adaptations of gene expression (such as the inclusion of human genes), 
for example, of regulatory proteins of the complement factor, or those related to the CD47 complex of 
signal regulatory protein α (SIRPα), and / or genes regulating thrombosis in humans. Some authors believe 
that these genetic manipulations promoted by a methodology called CRISPR / Cas9, which induces genetic 
manipulation producing immunological tolerance and combating complications such as thrombocytopenia, 
combined with new immunosuppressive regimes should control HAR of the xenograft and improve the 
survival of swine grafts3,15,16. This technology may produce swine that could be an inexhaustible source of 
organs for transplantation.

Tools for gene editing in pigs are improving rapidly, such that precise cuts in DNA have to be generated 
to successfully exclude genes. The development of means to replace pig genes with human genes with 
precision is very desirable for the future development of pig donors for xenotransplantation. Recently Dos 
Santos et al.17, in a collaboration between LIM 37 with the Indiana University School of Medicine, used a 
CRISPR / Cas9 to product a thrombomodulin (pTHBD) gene knockout swine and replace it with a plasmid 
containing an antibiotic selection marker without a promoter and the exon for human thrombomodulin17. The 
PhiC31 recombinase was used to remove the antibiotic selection marker to create porcine aorta endothelial 
cells that express human thrombomodulin instead of pTHBD, driven by the endogenous pig promoter. The 
selection cassette without a promoter allowed efficient enrichment of cells containing the correctly inserted 
transgene allowing expression of the human transgene by the endogenous pTHBD promoter. Gene regulation 
was maintained after gene replacement because the endogenous pig promoter was kept intact in the correct 
position. Therefore, these authors concluded that Cas9 technology and recombinase make the human to 
pig orthotopic exchange viable and pave the way for the creation of swine with human genes that can be 
expressed in the appropriate tissues that preserve gene regulation. These gene therapy improvements may 
allow the use of genetic modified swine as safe donors for organ transplantation in a near future17.

The Laboratório de Investigação Médica 37 (Medical Investigation Laboratory 37) develops an 
unprecedented line of research on multivisceral xenotransplantation. This model was idealized due to the great 
lack of organs for this type of transplantation, which is currently indicated for several serious diseases of the 
digestive system such as congenital diseases, intestinal failure with complications of prolonged parenteral 
nutrition, some abdominal tumors restricted to the abdomen, abdominal catastrophes, among others18-23.

In this research, we compared HAR in three combinations of species used in multivisceral 
xenotransplantation. Multivisceral grafts (esophagus, stomach, small intestine, colon, liver, pancreas, spleen, 
and kidneys) were removed and implanted heterotopically in the donor-recipient combinations dog-pig (n = 
5); pig-dog (n = 5) and rabbit-pig (n = 15). Multivisceral allotransplantation [pig-pig (n = 5), dog-dog (n = 
4) and rabbit-rabbit (n = 5)] comprised the control group. Three hours after reperfusion, graft samples were 
collected for histopathology and immunohistochemistry. Models using dogs were interrupted due to a ban on 
the use of this animal for research by federal law. The HAR was visually observed in all xenografts about 15 
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minutes after reperfusion. The autopsy revealed HAR in all organs of the multivisceral xenograft; however, 
we observed a HAR less severe in the liver compared to the esophagus, stomach, small intestine, colon, 
pancreas, spleen, and kidneys. IgG fixation by immunohistochemistry was strong in xenografts and absent 
in allografts. HAR was absent in all allografts18-23. Therefore, we can verify that the three different models 
for multivisceral xenotransplantation in this experiment are relevant to the study of HAR and underwent a 
similar evolution. IgG expression by immunofluorescence was strong at the sites of HAR and we showed 
for the first time that the liver is more tolerant of HAR than other abdominal organs after multivisceral 
transplantation18-23. The results of these surveys had a major impact international and were the reason for 
the publication of an article by a group from the University of Pittsburgh which highlighted the relevance 
of the findings of the forementioned research24.

In conclusion, xenotransplantation is a potential solution for organ shortage; however, HAR 
and the possibility of interspecies infections transmission currently hamper this procedure. Advances 
in xenotransplantation research and CRISPR / Cas9 biotechnology may product transgenic swine 
imunnocompatible with humans and free of pathogens to serve as organ donors in a near future. 
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